The reduction behavior of dephosphorization slag on the iron bath in the reduction furnace of the slag regeneration process was researched by test converter experiments. Dephosphorization slag and coke as the reduction agent and the heat source were added to the hot metal in the converter and oxygen was blown through the top lance. During the blowing, the reduction of (P 2 O 5 ), (FeO) and (MnO) in the slag proceeded simultaneously. The amount of phosphorus and manganese oxide in the slag decreased and the amount of phosphorus and manganese in the metal increased in turn during the reduction. The unknown amount of these elements which occupied about 20 % of total input also existed. The unknown parts of phosphorus and manganese in material balance are seemed to be caused mainly by the vaporization of phosphorus and manganese from the droplets generated by the reduction at the slag/coke interface.
Introduction
The hot metal dephosphorization process, which is a simple refining process (SRP) 1, 2) is being operated in Sumitomo Metal Industries Ltd. In this process, two converter vessels are used as a dephosphorization furnace and a decarburization furnace as shown in Fig. 1 . As dephosphorized hot metal is charged to decarburization furnace, the slag formed in the furnace contains less phosphorus oxide and is recycled to a dephosphorization furnace. In the dephosphorization furnace, no burnt lime other than lime contained in the recycled decarburization furnace slag is added.
Consequently, no decarburization furnace slag is emitted outside of the process. On the other hand, the dephosphorization furnace slag has not been used for high grade applications due to its physical properties and impurities. Also valuable elements in the dephosphorization slag such as phosphorus, manganese and iron are not recovered in the process. An improvement of the process efficiency and decreasing the cost may be expected if the dephosphorization slag is used for more valuable application and valuable elements in the dephosphorization slag are recovered.
With the aim of upgrading the use of the dephosphorization slag and recovering valuable elements, Li et al. proposed a slag regeneration process 3) in which the dephosphorization slag was reduced in the iron bath type reduction furnace to recover phosphorus, iron and manganese and high phosphorus hot metal produced in the process was dephosphorized to form high phosphorus dephosphorization slag for the use of fertilizer. In the work of Li et al., the slag regeneration process was proved to be realized by investigating slag and metal distribution ratios of reduced elements, heat and material balances in dephosphorization furnace, reduction furnace and decarburization furnace. However, the reduction behaviors of each elements in the reduction furnace have not been investigated.
Shiomi et al. 4) researched the process in which liquid CaO-SiO 2 -P 2 O 5 based synthetic slag and basic oxygen furnace slag were reduced to recover iron and phosphorus in Fe-P-C based liquid alloy and after that silicon was added to the alloy to remove phosphorus as vapor. However, slag phase not in contact with metal bath was reduced by carbon in the work, and the behavior of slag reduction on the metal bath was not researched.
In this work, focusing the reduction behavior of dephosphorization slag on the iron bath in the reduction furnace, the slag regeneration process was researched with test converter experiments. Figure 2 illustrates the slag regeneration process. 5) Hot metal dephosphorization slag is charged to the slag regenerator to be reduced with carbon from coke and with hot metal. Phosphorus, manganese and iron oxides in the dephosphorization slag are recovered in the hot metal. The reduced dephosphorization slag can be used for high grade applications or be used as a recycled slag in a dephosphorization furnace and so on. The hot metal in the slag regenerator can be used several times repeatedly as a metal bath for the reduction of the dephosphorization slag though its phosphorus and manganese contents gradually increase.
Outline of the Slag Regeneration Process
When the phosphorus content in the hot metal rises to about 1 %, it is dephosphorized in a final dephosphorization period to produce a slag containing about 15 % phosphorus oxide and hot metal containing about 0.1 % phosphorus. The hot metal after the final dephosphorization can be used again as a metal bath for the reduction period of a hot metal dephosphorization slag. So the hot metal in the slag regenerator is used several times repeatedly as a metal bath for both the reduction and the final dephosphorization period.
Experimental Method
Hot metal dephosphorization slag reduction experiments were done in the test converter. Hot metal dephosphorization slag with chemical composition shown in Table 1 was used. Experimental condition is shown in tent hot metal expected after repeated reduction practice was used. After charging with hot metal, dephosphorization slag and coke as reduction agent and heat source were added to the hot metal in the converter and oxygen was blown through the top the top lance. During the blowing, additional dephosphorization slag and coke were charged to reduce (P 2 O 5 ), (FeO) and (MnO) in the slag.
Experimental Results and Discussion

Behaviors of Slag and Metal Composition during
the Reduction Two reduction experiments were done in this study. One was performed using low phosphorus and manganese content hot metal assuming the early stage of reduction as Test-1. The other was performed using high phosphorus and manganese content hot metal assuming the later stage of reduction after repeated reduction blowing as Test-2. Behaviors of slag and metal elements in Test-1 and Test-2 are shown in Figs. 3 and 4 respectively. As shown in Fig. 3 , at the initial stage of about 10 min in each experiment, temporary decrease of phosphorus and manganese content occurred. After that, (P 2 O 5 ) in the slag decreased to less than 1%, (MnO) and (FeO) in the slag decreased to less than 3 % by 60 min. 's blowing in Test-1. Phosphorus contents in hot metal increased to about 0.16 % during the blowing in Test-1. As shown in Fig. 4 , (P 2 O 5 ) and (FeO) in the slag decreased to less than 1 % and (MnO) in the slag decreased to less than 4 % by 120 min. 's blowing in Test-2. Phosphorus contents in hot metal increased to about 0.9 % during the blowing in Test-2.
From the results mentioned above, recovery of phosphorus and manganese oxide in the hot metal dephosphorization slag was proved to be possible by carbon reduction.
Material Balance of Phosphorus and Manganese
Material balance of phosphorus and manganese in Test-1 and Test-2 was calculated. The amount of phosphorus and manganese in the slag was calculated by the slag amount estimated by CaO balance and analysis of P 2 O 5 and MnO. Also, the amount of phosphorus and manganese in the metal was calculated by the metal amount estimated by Fe material balance and analysis of [P] and [Mn] .
Calculation results of material balance in Test-1 and Test-2 are shown in Fig. 5 and Fig. 6 respectively. The amount of phosphorus and manganese oxide in the slag decreased and the amount of phosphorus and manganese in the metal increased in turn during the reduction. But unknown amount of these elements which occupied about 20 % of total input also existed in these experiments. This is considered to be caused by vaporization of phosphorus and manganese from reduced metal droplet during reduction as will be mentioned later.
Reduction Equilibrium
In order to discuss the priority of the reduction reactions, an investigation of reduction equilibrium is necessary because reduction of phosphorus oxide, iron oxide and manganese oxide in slag proceeds simultaneously. Reduction equilibrium at slag/metal interface and slag/coke interface must be considered because reduction reaction takes place at both interfaces. At slag/metal interface, each oxide reacts with the balk hot metal. Reduction reactions at slag/metal interface are given by Eqs. (1), (2) and (3). Activity of each oxide which is equilibrated with the balk hot metal is given by Eqs. (4) 6) , (5) 6,7) and (6). 7, 8) Activity coefficients of carbon, phosphorus and manganese are given by Eqs. (7)-(9), 9,10) (11) 11) and (13) 11) respectively: ....... (8) . Also, at slag/coke interface, each oxide reacts with graphite as coke to form the metal droplet. Reduction reactions at slag/coke interface are given by Eqs. (15) , (16) and (17) . Activity of each oxide which is equilibrated with the metal droplet formed at slag/coke interface is given by Eqs. (18), 6, 7) (19) 6, 7) and (20). 7, 8) Activities of iron and manganese are estimated by assuming that the metal droplet is an ideal solution. The activity coefficient of phosphorus ( f P ) g is evaluated from the empirical equation, Eq. (21), derived by reading graph of the activity of phosphorus in Fe-C melt by Schenck et al. 12) Although the graph presented by Schenck et al. covers the range of phosphorus content only less than 5 mass%, Elliot et al. 13) reported that the activity coefficient of phosphorus increased gradually in the range of mole fraction less than 0.3, namely less than about 19 mass%. Consequently, it may be thought that the estimation of the activity coefficient of phosphorus is possible by extrapolating Eq. (21) to high phosphorus content. The metal droplet generated by the reduction at the slag/coke interface is Fe-C-P-Mn system. No information is available concerning the activity coefficient of phosphorus in this system, but Fe-C-P-Mn system is thought to be treated approximately as Fe-C-P system because Fe and Mn forms ideal solution. Thus, the activity coefficient of phosphorus in Fe-C-P-Mn system may be given by Eq. (21). Carbon content in the metal droplet is evaluated by assuming carbon saturation. 14) At slag/coke interface, phosphorus, manganese and iron oxides are reduced by graphite to form metal droplets with high phosphorus and manganese contents. No information is available about the composition of metal droplet. So, using both material balance and driving force analysis of each oxide during reduction, composition of metal droplet will be estimated as mentioned later. Observed activities calculated from slag compositions were estimated by using the regular solution model. 6) As shown in Table 1 , 1.3 to 2.5 % of fluorine is included in the slag used in the experiments. The fluorine is added as a fluorite and is included in the form of CaF 2 in the slag. The effect of fluorine on the activities of phosphorus oxide and iron oxide is not able to consider in the regular solution model. However, in the activity estimation, total CaO value which includes both Ca in CaF 2 and CaO was used as CaO content in the slag. Suito et al. 15) pointed out that the effect of CaF 2 on the activity coefficient of P 2 O 5 was the same as CaO. Consequently, by using total CaO content, the regular solution model may be used for the estimation of the activities of phosphorus oxide in the slag containing fluorine. Also, the the activities of iron oxide may be estimated by using total CaO content in the regular solution model. Thus, observed activities calculated from slag compositions by using the regular solution model 6) are given by Eqs. (27), (28) and (29). The priority of each reduction reaction was investigated by comparison of equilibrium activities with observed ones mentioned above. Transition of equilibrium activities and observed ones of oxides in Test-1 and Test-2 are shown in Figs. 7 and 8 respectively. Activities of oxides equilibrated with carbon in the bulk hot metal were very low. Observed activities of oxides were far larger than equilibrium ones in the whole period of the reduction. In such condition of these experiments, the reduction at slag/metal interface is thought to proceed easily. On the other hand, activities of phosphorus oxide and manganese oxide equilibrated with graphite are thought to be higher than those equilibrated with carbon in the bulk hot metal and slightly smaller than observed activities, because phosphorus and manganese contents in the metal droplet generated at slag/coke interface are estimated to be higher than those in the bulk hot metal as will be mentioned later. However, the reductions of phosphorus oxide and manganese oxide at the slag/coke interface are thought to proceed more nearly to the equilibrium state than at the slag/metal interface.
Also, equilibrium activities of manganese oxide and phosphorus oxide decided by the reaction of manganese and phosphorus with iron oxide, Eqs. (23) and (24), were higher than the observed ones in Test-1 and Test-2 as shown in Figs. 7 and 8 . The condition of this work is involved in the application range of Eqs. (25) and (26) both in slag composition and in temperature except in low phosphorus oxide region at the last stage of each experiment. So application error is thought to be small. Basically, as the reduction of oxides in slag by carbon in the hot metal and graphite in coke is non equilibrium process, it is not unreasonable that equilibrium activities and observed ones do not correspond. It is thought that the reductions of phosphorus oxide and manganese oxide mainly proceed by carbon in the hot metal and graphite in coke but not mainly proceed by Fe in the hot metal. So observed activities of manganese oxide and phosphorus oxide were nearer to the equilibrium ones decided by Eqs. (5), (6), (19) and (20) and lower than the equilibrium ones decided by Eqs. (25) and (26).
Vaporization of Phosphorus and Manganese
As mentioned above, about 20 % of added phosphorus and manganese were not detected by the material balance of slag and metal. In order to consider this reason, the vaporization pressure of phosphorus and manganese were estimated. The slag/metal interface and the slag/coke interface are thought to be reaction sites of phosphorus and manganese oxides reduction. As phosphorus and manganese reduced at the slag/metal interface are thought to be absorbed to the metal bath immediately after the reduction, content of these elements in the metal bath are not higher than 2 mass%. On the other hand, phosphorus and manganese contents in metal droplets generated by the reduction at the slag/coke interface are thought to be very high until the metal droplets are absorbed to the metal bath. From this point of view, phosphorus and manganese contents in metal droplets generated by the reduction at the slag/coke interface were estimated by the change of slag composition during reduction, and possibility of vaporization of these elements was investigated by estimating the vapor pressure. The phosphorus and manganese contents in the metal droplets generated by the reduction at the slag/coke interface are estimated by calculating the reduced amount of phosphorus, manganese and iron oxide in the slag in the period of 2 to 10 min using the estimated slag amount and the analysis of these compositions. The slag amount was estimated by CaO balance.
In this estimation, it is necessary to consider the difference of phosphorus and manganese contents of reduced metal both at the slag/metal and the slag/coke interfaces. At the slag/metal interface, the driving force of reduction is decided by the equilibrium between slag and bulk metal. At the slag/coke interface, on the other hand, the driving force of reduction is decided by the equilibrium between slag and metal droplet which has higher contents of phosphorus and manganese than bulk metal. Consequently, the driving force of reduction at the slag/coke interface is smaller than at the slag/metal interface and, as a result, phosphorus and manganese contents in metal droplet generated at the slag/coke interface are thought to be lower than those in the metal generated at the slag/metal interface.
Consequently, phosphorus and manganese contents were estimated by considering the difference of driving force of oxide reduction in each interface. Phosphorus and manganese contents of reduced metal at the slag/metal interface are assumed to be the same as calculated ones by the material balance. The reduced amount of phoshorous, manganese and iron in the slag in the period of 2 to 10 min corresponding slag sampling interval are given by Eqs. (30), (31) and (32) Subscripts '1' and '2' mean the initial state and final state of the time interval respectively. The compositions of metal generated by the reduction at the slag/metal interface are estimated by assuming the mixing of these reduced elements and melting of carbon into the metal to saturated content 14) and are given by Eqs. (34)- (36) Phosphorus and manganese contents in the metal generated by the reduction at the slag/metal interface calculated above are higher than those in the bulk metal. However, as the amount of the metal generated by the reduction at the slag/metal interface is far smaller than that of the bulk metal, phosphorus and manganese contents in the metal near to the slag/metal interface are thought to be the same as contents in the bulk metal by agitation. Consequently, the driving force of oxide reduction in the slag/metal interface is estimated as the difference of observed activity and one equilibrated with metal bath. On the other hand, the driving force of oxide reduction in the slag/coke interface is estimated as the difference of observed oxide activity and one equilibrated with graphite in coke, phosphorus and manganese in metal droplet.
In the calculation of equilibrium oxide activity with graphite in coke, phosphorus and manganese in metal droplet, it is necessary to know the metal droplet composition generated in the interface. A tentative value [mass%P] g , [mass%Mn] g are set as the metal droplet composition in this aim, and by using this tentative value, the driving force of oxide reduction in the slag/coke interface is estimated and the ratio of the driving force of oxide reduction in the slag/coke interface to that in the slag/metal interface is calculated. The metal droplet composition is finally estimated by a try and error method which make the ratio equal the ratio of the tentative value to the metal composition estimated by the material balance. Thus, phosphorus and manganese contents in metal droplet are given as The estimated phosphorus and manganese contents in metal droplets generated by the reduction at the slag/coke interface are shown and compared with the contents estimated by the material balance in Figs. 9 and 10 . The estimated content of manganese in the metal droplets by above procedures was lower than that estimated by the material balance. On the other hand, the estimated content of phosphorus in metal droplets is almost the same as that estimated by the material balance.
[mass%Mn]
[mass%Mn] g r MnO (l) obs.
P O (l) gr.
[mass%P] 1 By above investigation, it is clarified that the estimated content of manganese in the metal droplet generated at the slag/coke interface is lower than that in the metal generated at the slag/metal interface because the decrease of driving force of manganese oxide reduction at the slag/coke interface by the increase of manganese content is large. Consequently, the consideration of driving force of reduction is necessary for the estimation of manganese content in the metal droplet generated at the slag/coke interface. On the other hand, the estimated content of phosphorus in metal droplets is almost the same as that in the metal generated at the slag/metal interface because the decrease of driving force of phosphorus oxide reduction at the slag/coke interface by the increase of phosphorus content is relatively smaller than in case of manganese oxide reduction.
Phosphorus content was estimated to be 16 mass% and manganese content was estimated to be 11 mass% in maximum in Test-1. Also, phosphorus content was estimated to be 21 mass% and manganese content was estimated to be 39 % in maximum in Test-2.
The solution of phosphorus to the molten iron is given by Eq. (39). 16) By using the equilibrium constant of this reaction given by Eq. (40), vapor pressure of phosphorus in equilibrium with the molten iron is given by Eq. (41) The activity coefficient of phosphorus f P is evaluated from the empirical equation, Eq. (21) as mentioned above. Relationship between phosphorus content in metal droplet and vapor presssure of phosphorus estimated by Eqs. (21), (41) and (42) is shown in Fig. 11 . Vapor presssure of phosphorus in metal droplet is estimated to be 1 to 10 4 Pa from Fig. 11 , because phosphorus content in metal droplet is estimated to be 4 to 21 mass% from Figs. 9 and 10.
Shiomi et al. 4) studied about the possibility of vaporization removal of phosphorus from Fe-0.1%C-29 mass%Si-4.45mass%P molten iron and proved the removal was possible in Ar gas stream. However, the phosphorus vapor pressure of this molten iron was not estimated in the study. Consequently, the phosphorus vapor pressure of this molten iron will be estimated below and will be compared to the estimated one of the metal droplet generated by the reduction at the slag/coke interface in this study to consider the possibility of phosphorus vaporization from the droplet.
Shiomi et al. 4) derived Eq. (43) as interaction parameter e P Si in Fe-Si-P melt. The carbon content was very low in the molten iron in the study of Shiomi et al. The activity coefficient of phosphorus f P at the carbon content of zero was evaluated from the empirical equation, Eq. (44), derived by reading graph of the activity of phosphorus in Fe-C melt by Schenck et al. 12) to estimate the phosphorus vapor pressure of molten iron in the study of Shiomi et al. By considering the interaction parameter estimated in Eq. (43), the activity coefficient of phosphorus in Fe-Si-P melt is given by Eq. porization of phosphorus in Ar gas stream as mentioned above and that the vaporization rate of phosphorus was determined by mass transfer of P 2 in the gas phase and was proportional to the vapor pressure of phosphorus. Also, the vapor pressure of phosphorus in droplet is estimated to be 1 to 10 4 Pa as mentioned above which is 1/2 in maximum of that in Fe-Si-P melt of the study by Shiomi et al. Consequently, the vaporization of phosphorus from the droplet may occur in the same way as in the study by Shiomi et al. though the vaporization rate may be smaller than that in the study by Shiomi et al.
On the other hand, the phosphorus content in metal bath is not higher than 1 % and the estimated vapor pressure of phosphorus in the metal bath is about 10 Ϫ3 Pa. This value is smaller by the order of 3 to 6 than that of droplet and is smaller by the order of 7 than that of Fe-0.1%C-29 mass%Si-4.45 mass%P molten iron at 1 873 K in the study of Shiomi et al. Consequently, the vaporization of phosphorus from metal bath may be negligibly small and unknown part of phosphorus in material balance is seemed to be caused by the vaporization of phosphorus from the droplet.
The vaporization of manganese from pure manganese melt shown by Eq. (46) is given by Eqs. (47) 17) and (48).
17)
Fe-Mn melt is thought to behave as an ideal solution. Also, the effect of phosphorus and carbon on the activity coefficient of manganese is thought to be small. Thus, the vapor pressure of manganese in iron melt is given by Eq. (49) by assuming that the activity of manganese in iron melt is proportional to the mole fraction. The vapor pressure of manganese in iron melt is calculated by Eq. (49) and the result is plotted against mass% of manganese as shown in Fig. 12 . By the same manner as in the evaluation of the phosphorus vapor pressure, from the estimated manganese content in the droplet of 6 to 39 % in Figs. 9 and 10, the vapor pressure of manganese is estimated as 10 2 to 10 3 Pa by Fig. 12 . This value of the vapor pressure of manganese is almost the same order as that of phosphorus estimated above. Also, Ward 18) pointed out that the vaporization rate of manganese was determined by mass transfer of manganese in the gas phase and was proportional to the vapor pressure of manganese. Thus, manganese in the droplet may vaporize in the same way as phosphorus.
On the other hand, the manganese content in metal bath is not higher than 2 % and the estimated vapor pressure of manganese in the metal bath is about 40 Pa from Fig. 12 . This value is smaller by the order of 1 than that of the droplet. Consequently, the vaporization of manganese from metal bath may be smaller than that from the metal droplet and unknown part of manganese in material balance is seemed to be caused mainly by the vaporization of manganese from the droplet.
Conclusions
(1) Dephosphorization slag and coke as the reduction agent and the heat source were added to the hot metal in the converter and oxygen was blown through the top lance. During the blowing, the reduction of (P 2 O 5 ), (FeO) and (MnO) in the slag proceeded simultaneously. Activities of oxides equilibrated with carbon in the bulk hot metal were very low. Observed activities of oxides were far larger than equilibrium ones in the whole period of the reduction. On the other hand, activities of phosphorus oxide and manganese oxide equilibrated with graphite are thought to be higher than those equilibrated with carbon in the bulk hot metal and slightly smaller than observed activities, because phosphorus and manganese contents in the metal droplet generated at slag/coke interface are estimated to be higher than those in the bulk hot metal. However, the reductions of phosphorus oxide and manganese oxide at the slag/coke interface are thought to proceed more nearly to the equilibrium state than at the slag/metal interface.
(2) The amount of phosphorus and manganese oxide in the slag decreased and the amount of phosphorus and manganese in the metal increased in turn during the reduction. The unknown amount of these elements which occupied about 20 % of total input also existed. By the estimation of vaporization pressure of phosphorus and manganese, unknown parts of phosphorus and manganese in material balance are seemed to be mainly caused by the vaporization of phosphorus and manganese from the droplets generated by the reduction at the slag/coke interface. Nomenclature {a FeO (l) } [C] , {a MnO (l) } [C] , {a P 2 O 5 (l) } [C] : Activities in equilibrium with carbon in hot metal {a FeO (l) } gr. , {a MnO (l) } gr. , {a P 2 O 5 (l) } gr. : Activities in equilibrium with graphite as coke {a MnO (l) } (FeO) , {a P 2 O 5 (l) } (FeO) : Activities in equilibrium with FeO in slag {a FeO (l) } obs. , {a MnO 
